Stable isotopes are used with increasing frequency to trace the metabolic fate of minerals in human nutrition studies. The precision of the analytical methods used must be sufficient to permit reliable measurement of low enrichments and the accuracy should permit comparisons between studies. Two methods most frequently used today are thermal ionization mass spectrometry (TIMS) and inductively coupled plasma mass spectrometry (ICP-MS). This study was conducted to compare the two methods. Multiple natural samples of copper, zinc, molybdenum, and magnesium were analyzed by both methods to compare their internal and external precision. Samples with a range of isotopic enrichments that were collected from human studies or prepared from standards were analyzed to compare their accuracy. TIMS was more precise and accurate than ICP-MS. However, the cost, ease, and speed of analysis were better for ICP-MS. Therefore, for most purposes, ICP-MS is the method of choice, but when the highest degrees of precision and accuracy are required and when enrichments are very low, TIMS is the method of choice.
Introduction
The use of stable isotopes for nutrition research in humans began in the late 1970s [1] . Early work used neutron activation analysis (NAA) and mass spectrometry of volatile metal chelates [2] for isotope measure-ments. These methods were generally not sufficiently accurate or precise for tracer studies and are rarely used now for isotope measurements.
In 1978 we began our stable isotope research using thermal ionization mass spectrometry (TIMS) because of its high precision and accuracy [3] . TIMS had been available for some time and was used primarily by geochemists and nuclear chemists. Nutritionists had not considered the approach. Commercial instruments were not yet available and we used MS6, a TIMS built at Lawrence Berkeley Laboratory (Berkeley, Calif., USA) by Maynard Michel. We could determine isotope ratios in 1 to 3 samples a day. Automated, commercial instruments became available shortly after we began using TIMS and these instruments improved the speed of analysis, but the approach still had drawbacks. An inductively coupled plasma mass spectrometer (ICP-MS) was developed for determination of trace elements in 1980 [4] and later began to be used for isotope ratio measurements. These two instruments are both available commercially and are the primary instruments used for isotope ratio measurements. We began using ICP-MS recently and this paper compares our results using TIMS and ICP-MS and discusses the advantages of each.
TIMS and ICP-MS compared
Purchase price TIMS instruments are generally more expensive than ICP-MS instruments. We use a Finnigan MAT Model 261 TIMS (Thermo Finnigan, San Jose, Calif., USA) with multiple collector that cost US$335,000 in 1985. The current Thermo Finnigan MAT TIMS, the Triton TI, costs US$550,000. Our Perkin Elmer ELAN 6000 ICP-MS (Perkin Elmer, Shelton, Conn., USA) cost US$168,000 in 1996. The current model, the ELAN 6100 ICP-MS, costs about US$160,000. Other ICP-MSs with additional features cost more, up to US$700,000 for a multicollector, high resolution ICP-MS.
Isotope ratios of trace elements in samples from human nutrition studies determined by TIMS and ICP-MS: precision and accuracy compared
Operator training TIMS are more complex instruments than ICP-MS and require more operator training. Approximately 2 to 3 months of training is needed for an individual to learn to operate a TIMS, while a person experienced with other mass spectrometers or an ICP can learn to use an ICP-MS in 2 to 3 weeks.
Sample purification and preparation for analysis
Samples must be free of all organic material and other minerals for analysis by TIMS. After eliminating organic material using a muffle furnace or by microwave oven digestion, we usually use ion exchange columns for separation and purification of the mineral of interest. A minimum of two column separations is required to eliminate impurities [5] . These separations are slow and time consuming. ICP-MS isotope ratio determinations can be done following elimination of organic material and a single column separation. We have been able to determine isotopic ratios of magnesium after eliminating organic material, without further purification [6] . Thus, sample purification and separation are considerably simpler and faster for ICP-MS.
The final preparation for analysis is considerably faster and easier for ICP-MS. Following sample purification, samples for TIMS analysis must be concentrated, applied to filaments, and dried. To increase sensitivity for some elements, such as copper, zinc, and molybdenum, samples are applied to filaments along with silica gel and phosphoric or boric acid [5] . This is a multi-step procedure and samples must be dried after each step. Slit plates are added to each filament on a 13 to 16 sample carousel, which is then placed in the ion source and the pressure must then be pumped down. ICP-MS samples, after column separations, are diluted and placed in an autosampler. The ICP-MS is generally left under vacuum, although the torch must be lit, stabilized, and optimized each day.
Sample throughput
ICP-MS analysis time is considerably faster than TIMS. Sample throughput (handling capacity) for our TIMS under automated conditions is limited to 13 samples (1 carousel) per day. When analysis cannot be automated, fewer samples can be analyzed per day. By ICP-MS we can analyze up to 70 samples per day (10 per hour plus 1.5 hours warm-up and optimization). A weekly full optimization of the ICP-MS requires 3 hours.
Consumables and gases
The cost of consumables, including gases, is lower on a weekly basis for TIMS than for ICP-MS. The liquid nitrogen used for TIMS costs US$48 per tank and lasts about six weeks. The rhenium filaments cost US$2 to $4 per sample, for a total cost of $150 per week at maximum operation. The liquid argon used for ICP-MS costs US$345 per tank that lasts about 3 to 4 weeks. Periodic replacement of peristaltic tubing, cones, torch, injector, coil, and detector is required. The total cost of consumables is about US$200 per week. However, since ICP-MS can analyze at least five times as many samples per week, the cost of consumables per sample is far less for ICP-MS.
Repair costs
Repair costs are highly variable, but TIMS generally has higher repair costs than ICP-MS. TIMS has more numerous and higher priced components and electronics damage sometimes occurs due to high voltage arcs with TIMS.
Interferences
TIMS has fewer interference problems than ICP-MS because of the high degree of purity required for analysis. After proper purification and preheating most elements have negligible interference. ICP-MS uses argon, which interferes with some calcium and iron isotopes, so they cannot be analyzed by conventional ICP-MS. Special methods have been developed with high resolution ICP-MS to allow analysis of these elements. ICP-MS is also vulnerable to other interference since less sample purity is required for analysis and ionization efficiency is very high.
Sample size
ICP-MS sample consumption is lower than TIMS by about a factor of 10. The sample sizes we usually use are shown in table 1. TIMS typically uses 1 to 5 µg of mineral per analysis, while ICP-MS usually uses 0.1 to 0.5 µg.
Precision and accuracy
The precision of TIMS and ICP-MS in our laboratory is shown in table 1. Typical TIMS precision is 0.01% to 0.1%, with best precision of 0.003%, considerably better than ICP-MS. Typical ICP-MS precision is 0.1% to 0.3%, with a best precision of 0.04%. With TIMS, internal precision is often better than external precision due to variations in fractionation between runs. With ICP-MS, external precision is usually better than internal precision due in part to the non-simultaneous scanning method.
The accuracy of TIMS is also much better than ICP-MS, but results of the two methods agree within 1%. Fractionation of the isotopes with TIMS analysis occurs due to an increased probability of lighter iso-topes evaporating from filaments than heavier isotopes. This produces a mass bias that is proportional to the square root of the ratio of the isotopic masses. The mass bias is in the range of 0.1% to 1% per mass unit difference. TIMS ratios can be corrected for fractionation when a ratio of two unenriched isotopes is available for normalization corrections [5, 7] , such as for molybdenum and zinc.
With ICP-MS analyses the mass bias is more complex, since the argon torch efficiently ionizes all impurities in the sample. The complex mixture of ions is highly dependent on sample matrix and can vary over time. The bias is much larger than for TIMS, ranging from 1.5% to 15% per unit mass difference. Our ICP-MS software uses a mass bias correction procedure. A standard with natural isotopic abundance is analyzed and the measured isotopic ratios are divided by the accepted natural values to yield a ratio correction factor (RCF) for each ratio. In subsequent analyses each measured isotopic ratio is divided by its RCF to correct for mass bias. The resulting ratios are a function of the accepted natural values used and are relative values.
The isotopic ratios and enrichments measured using our TIMS and ICP-MS are compared in tables 2 to 4. For copper and zinc (tables 2 and 3), fecal samples were collected from subjects in human stable isotope studies. These samples were enriched with a range of enrichments in an isotope of each mineral. After organic material was destroyed, the minerals were separated and purified using two sequential anion exchange columns. Table 2 compares the measured 65/63 isotope ratios and enrichments for the samples enriched in 65 Cu, enrichments ranging from zero to 25%. Enrichment refers to the percentage change in isotopic ratio from the ratio of the natural sample. The average difference in copper isotopic ratios measured by ICP-MS versus those by TIMS was -0.8%. Table 3 compares the 
Conclusions
TIMS is considered the "gold standard" for isotope ratio measurements. Precision and accuracy are generally the best that can be obtained. Therefore, it is the method of choice when the highest degree of precision is required for the application. However, ICP-MS has numerous advantages, including lower cost, less sample preparation, much faster throughput, and ease of operation. For most applications, the precision and accuracy of ICP-MS suffice, so it is the method of choice in most situations. 
